Capillary morphogenesis gene 2 (CMG2) is a type I membrane protein involved in the homeostasis of the extracellular matrix. While it shares interesting similarities with integrins, its exact molecular role is unknown. The interest and knowledge about CMG2 largely stems from the fact that it is involved in two diseases, one infectious and one genetic. CMG2 is the main receptor of the anthrax toxin, and knocking out this gene in mice renders them insensitive to infection with Bacillus anthracis spores. On the other hand, mutations in CMG2 lead to a rare but severe autosomal recessive disorder in humans called Hyaline Fibromatosis Syndrome (HFS). We will here review what is known about the structure of CMG2 and its ability to mediate anthrax toxin entry into cell. We will then describe the limited knowledge available concerning the physiological role of CMG2. Finally, we will describe HFS and the consequences of HFS-associated mutations in CMG2 at the molecular and cellular level.
Introduction
The gene Cmg2 encodes a type I membrane protein that is expressed ubiquitously in the human body (Bell et al, 2001; Scobie et al, 2003) , with the notable exception of the brain. While it was identified in 2001 as the second most upregulated gene upon formation of capillaries in 3D matrices (hence the name), its exact physiological roles remain poorly understood. Far more is, however, known about its 'dark sides'-in disease. In 2003, Capillary morphogenesis gene 2 (CMG2) was identified as the second receptor for the anthrax toxin (Scobie et al, 2003) , hence its official name of Anthrax Toxin Receptor 2 (ANTXR2). CMG2 shares 40% overall amino-acid identity with the first-identified anthrax receptor, Tumour Endothelial Marker 8 (TEM8 or ANTXR1) (Bradley et al, 2001) , also a type I membrane protein. At the time, these findings received considerable attention from the scientific community and the broader media: a week after the attacks of 11 September 2001, letters containing anthrax spores were indeed sent to several news media offices, creating great terror. These events boosted anthrax-related research and interest therein and put CMG2 and TEM8 in the limelight. The same year, but less prominently, cmg2 was identified as the gene responsible for two rare autosomal recessive human genetic disorders, Infantile Hyaline Fibromatosis (ISH, (MIM 236490) ) and Juvenile Hyaline Fibromatosis (JHF, (MIM 228600)), two variants of the same disease, now jointly called Hyaline Fibromatosis Syndrome (HFS) (Dowling et al, 2003; Hanks et al, 2003; El-Kamah et al, 2010) .
We will here review the current knowledge about the structure of CMG2, its role as an anthrax receptor and its physiological function. We will also review findings regarding the related protein TEM8 that we feel are relevant to the understanding of CMG2. Finally, we will describe the knowledge gained from molecular and cellular studies on HFS-associated mutations.
Anthrax toxin
First, we will briefly describe the anthrax toxin-ironically the only well-characterized ligand for CMG2-since it has been widely used in studies to shed light on the molecular functions of CMG2 and TEM8. The anthrax toxin is composed of three independent polypeptide chains, of which two have enzymatic activities: the Lethal Factor (LF), which is a metalloprotease that cleaves MAP kinase kinases; and the Oedema Factor (EF), a calmodulin-dependent adenylate cyclase (Leppla, 1982; Duesbery et al, 1998; Vitale et al, 1998) . The third subunit, called the Protective Antigen (PA), has the role of escorting EF and LF from the extracellular milieu to the cytosol of the target cell (for review, see Young and Collier, 2007) . Only PA has the capacity to bind to target cells. In tissue culture systems, PA interacts with cells by binding to CMG2, TEM8 (for review, see van der Goot and Young, 2009 ) and, at least on RAW macrophages, also to heterodimeric complexes containing b1 integrin (Martchenko et al, 2010) . In mice, however, CMG2 was found to be the main anthrax toxin receptor (Liu et al, 2009) , and expression of CMG2 in myeloid cells in particular was shown to be essential for the establishment of an anthrax infection (Liu et al, 2010) . Once bound to the cell surface, PA, which is initially an 83-kDa protein, is cleaved by the pro-protein convertase furin into a 63-kDa protein. PA 63 has the capacity to oligomerize into heptameric or octameric rings, to which EF/LF can bind. The binding to CMG2/TEM8 and oligomerization of PA trigger the endocytosis of the multi-component receptor-PA-EF/LF complex. Upon arrival in endosomes, the acidic pH induces a conformational change in PA that leads to the formation of a transmembrane pore. Low pH also triggers unfolding of EF and LF, which can then be translocated through the PA channel to the other side of the endosomal membrane. Once in the cytosol, EF and LF exert their cytotoxic activity, the cellular and pathophysiological consequences of which have recently been reviewed .
CMG2 structure
Four different CMG2 isoforms, generated by alternative splicing, have been predicted (NCBI's ACEMBLY) or identified (Scobie et al, 2003) Figure 1A ). CMG2 is highly conserved among species that express it (84 and 62% human versus mouse or zebrafish, respectively), but is only found in vertebrates. The only protein in the database with which it shares significant similarity is TEM8 (see Figure 2 for an alignment of the cytosolic tails). CMG2 488 differs from CMG2 489 only by their last 13 amino acids. CMG2 386 is also a transmembrane protein with the same amino-acid composition as CMG2 489 , except that it lacks the Ig-like domain. As a consequence, it is retained in the ER (Bell et al, 2001; Deuquet et al, 2011). Finally, CMG2 322 consists only of the signal peptide and the vWA domain, and is thus predicted to be secreted.
The CMG2 vWA domain and ligand binding vWA domains are well-characterized protein-protein interaction domains found in some 500 human proteins, mostly involved in cell adhesion, such as extracellular matrix (ECM) proteins or integrins, in which this domain is called the inserted (I)-domain (Whittaker and Hynes, 2002) . The CMG2 vWA domain harbours the typical features found in integrin I-domains ( Figure 1A ): a dinucleotide binding or Rossmann fold, with six a-helices surrounding a central six stranded b-sheet, creating a hydrophobic core between the closely packed sheet and helices (Shimaoka et al, 2002; Lacy et al, 2004) . The structure of the TEM8 vWA domain is essentially the same (Fu et al, 2010) . The top face of the vWA contains a metal ion-dependent adhesion site (MIDAS) motif (DXSXSyTyD, where X is any amino acid). The MIDASs of CMG2 and TEM8 are well conserved and can bind divalent cations such as Mg 2 þ or Ca 2 þ Ramey et al, 2010) . As in most I-domains (Springer, 2006) , the C-and N-termini of the CMG2 vWA domain are in close proximity at the bottom face and are linked via a disulphide bond ( Figure 1A ).
So far, the only well-defined extracellular ligand for CMG2 and TEM8 is the anthrax PA. In-vitro PA binding studies in the presence of Mg 2 þ led to Kd values of 170 pM and 1.1 mM for CMG2 and TEM8 vWA domains, respectively Scobie and Young, 2005) . The affinity of PA for TEM8 is very similar to that of collagens for integrins (Shimaoka et al, 2002) , in agreement with the fact that the toxin-receptor interaction to a large extent mimics the integrin-collagen binding, as shown by co-crystallization of PA with the CMG2 vWA domain Santelli et al, 2004) .
The I-domains of integrins exist in two distinct conformations: open and closed, respectively, having high or low affinities for their ligand, due to structural changes in the MIDAS domain. To explain the differential affinity of PA for CMG2 and TEM8, and by analogy to integrins, it has been proposed that CMG2 is in an open state, while TEM8 is in equilibrium between open and closed states. The crystal structures of the isolated vWA domains of both CMG2 and TEM8, however, reveal an open conformation, with an acetate molecule mimicking the ligand Fu et al, 2010) . The presence of non-conserved residues in the vWA-PA interface was in fact shown recently to be responsible for the difference in affinities of PA for TEM8 versus CMG2 (Fu et al, 2010) . This does not exclude the fact that TEM8 can exist in different states at the surface of living cells, as recently shown using conformational antibodies (Yang et al, 2011) . This might be equally true for CMG2 but has so far not been reported.
The immunoglobulin-like domain
The second extracellular domain of CMG2 is predicted to have an immunoglobulin (Ig) fold (Sun and Collier, 2010; Deuquet et al, 2011) and was modelled using fold recognition and manual modelling algorithms (Deuquet et al, 2011) . As all Ig-like domains, it has a b-sandwich structure formed by (Deuquet et al, 2011) . This model suggested the existence of two disulphide bonds, the existence and identity of which were confirmed experimentally (Deuquet et al, 2011) . The function of this domain is currently unknown, although the integrity of the disulphide bonds was shown to be necessary in assisting anthrax PA towards forming a transmembrane pore (Sun and Collier, 2010) . The CMG2 Ig-like domain also contains two potential glycosylation sites that nicely localize to the surface of the domain ( Figure 1A ), at least one of which must be occupied as CMG2 was found to be glycosylated (Deuquet et al, 2009) . Considering that a typical N-linked carbohydrate chain is almost as big as an Ig-like domain, this post-translational modification might well affect the folding or conformation of this domain.
The transmembrane domain and cytoplasmic tail of CMG2
Little if anything is known about the transmembrane domain (TMD) of CMG2, other than that it is two residues longer-23 versus 21-than the average single spanning membrane protein (Abrami et al, 2008b) . Studies performed on the TMD of TEM8 suggest that it might self-associate into dimers or higher order structures (Go et al, 2006) , a property that could well be shared by CMG2. We indeed found that mutations of cysteines in the CMG2 Ig-like domain lead to formation of disulphide bond formation between CMG2 molecules (Deuquet et al, 2011) , supporting the notion that CMG2 might also self-assemble, or at least form clusters. The TMDs of both CMG2 and TEM8 are followed by two cysteine residues, which are sites of palmitoylation (Figures 1A and 2; Abrami et al, 2006 ) (see below).
The cytosolic tail of CMG2 has an unusual amino-acid composition with 40% charged residues, 15% proline residues and only 23% hydrophobic residues, compared with 19% charged, 3.5% proline and 33% hydrophobic for the extracellular domain. As such, the cytosolic tail of CMG2 is predicted as intrinsically disordered. Disordered domains, which constitute E30% of the human proteome, are thought to be important for regulatory processes (Dyson and Wright, 2005; Uversky and Dunker, 2010) . Consistently, disordered regions are frequently associated with post-translational modifications, which allow them to interact with multiple partner proteins. Due to the low proportion of hydrophobic residues that generally trigger a hydrophobic collapse during protein folding, disordered domains are less compact than folded proteins (Marsh and Forman-Kay, 2010) . For example, a domain the size of the CMG2 cytosolic tail (148 residues) would have an approximate dynamic radius of 20 Å if folded and of 30 Å if unstructured (Marsh and Forman-Kay, 2010) . This allows the protein to sample an E2.4 Â larger volume of cytoplasm (33 500 Å 3 versus 113100 Å 3 ), thus increasing the probability of encounter with partner molecules. It has been shown for some disordered domains that they can undergo a disorder-to-order transition upon binding to specific interactors (Dyson and Wright, 2005; Uversky and Dunker, 2010) . No structural studies are currently available for the cytosolic tail of CMG2. It has, however, been shown to interact with multiple partners during endocytosis (see below).
Similarities with integrins
CMG2 and TEM8 share some interesting properties with integrins, and could somehow be viewed as single chain integrins-integrins always being in the form of ab dimers (Campbell and Humphries, 2011) . Both proteins carry extracellular vWA domains involved in ligand binding that can potentially adopt an open or closed conformation, although this has not yet been shown for CMG2. The similarity is such that reproducing a mutation of a highly conserved phenylalanine residue in the aM integrin (Shimaoka et al, 2000) in TEM8 (F205W) led to the same effect: locking it into a high affinity state (Ramey et al, 2010) . In contrast, mutation of T118A, in vicinity of the MIDAS, shifted the equilibrium to the inactive state (Ramey et al, 2010) .
It has been extensively documented that the interaction of the integrin b-chain with actin governs the binding affinity of the a-chain for the ligand (Rose et al, 2007 
The CMG2 cytoplasmic tail and post-translational modification sites. The cytosolic tails of human and zebrafish CMG2 and TEM8 were aligned to illustrate the high degree of identity between CMG2 and TEM8 and between species. The transmembrane domain is shown in green and the actin interacting TEM8 peptide in orange. Palmitoylation sites are indicated with red arrows, ubiquitination sites with blue arrows and potential phosphorylation sites in purple. While a requirement for CMG2 tyrosine phosphorylation has been demonstrated, the exact position of the tyrosine(s) has not been established. Modifications identified for CMG2 are shown above the alignment while modifications identified for TEM8 are shown at the bottom of the alignment. The alignment was generated with the Jalview software.
2010a; Yang et al, 2011) and the TEM8-actin interaction negatively correlate with the binding affinity of TEM8 for PA (Garlick and Mogridge, 2009; Go et al, 2009) , that is, when binding of TEM8 to actin is reduced due to mutations in the cytosolic tail, the interaction with PA is enhanced. In reverse, binding of PA abolished the interaction of TEM8 with actin (Abrami et al, 2010a) , again similarly to integrins (Campbell and Humphries, 2011) . Thus, as integrins, TEM8 is able to mediate both outside-in (from PA to actin) and inside-out (from actin to the vWA domain) signalling. Whether the interaction with actin is direct or indirect is unclear. On one hand, a synthetic peptide corresponding to the actin binding segment of TEM8 (Figure 2 ) was found to bind and even bundle purified actin (Garlick and Mogridge, 2009 )-suggesting a direct contact. On the other hand, not only actin, but also talin, vinculin and myosin II-components well known to be involved in the integrin-actin interaction-were detected in TEM8 pull-downs (Abrami et al, 2010a) . The CMG2 cytosolic tail, although shorter by 73 residues than that of TEM8, contains the same actin interacting segment ( Figure 2 ). Interaction with actin was, however, not readily detectable (Abrami et al, 2010a) , suggesting that regulation of the CMG2-actin interaction (if such an interaction exists) differs from that of TEM8.
CMG2 and anthrax
As mentioned, both CMG2 and TEM8 were identified as receptors for anthrax PA, first using a gene recomplementation approach and then a similarity search (Bradley et al, 2001; Scobie et al, 2003) . Recently, mice were generated lacking full-length CMG2, TEM8 or both (Liu et al, 2009) . Experiments in which these mice were challenged with anthrax toxin or B. anthracis spores revealed that, while the lack of TEM8 had little effect on the sensitivity of the mice to intoxication/infection, the absence of CMG2 had a major effect-indicating that in mice, the main receptor is CMG2. This could be due either to the higher affinity of PA for CMG2 versus TEM8 (Liu et al, 2009 ), or to the fact that the cells important for infection and/or toxin induced death preferentially express CMG2. In the anthrax context, the fundamental role of CMG2 and TEM8 is to bring the toxin to the appropriate location inside the cell. This requires a very precise timing of events since PA, once it has bound CMG2/TEM8 and has been processed by furin, must multimerize at the cell surface. Only then it can capture EF/LF from the extracellular medium and escort them to the interior of the cell. Internalization of monomeric PA in the absence of the enzymatic subunits is unproductive. CMG2 and TEM8 satisfy these timing requirements thanks to a series of well-coordinated post-translational modifications, such as palmitoylation and ubiquitination (see below).
In the absence of toxin, TEM8 is found in clusters at the plasma membrane, the organization of which requires the cortical actin cytoskeleton (Abrami et al, 2010a) . Such clusters were not detected under the same conditions for CMG2 (Abrami et al, 2010a) . This difference in behaviour was also apparent when analysing mobility of the two proteins in the membrane using fluorescence recovery after photobleaching (FRAP) (Abrami et al, 2010a ). TEM8 showed a lower diffusion coefficient than CMG2 and a fraction of the protein was kept immobile in an actin-dependent manner (Abrami et al, 2010a) .
Upon binding and oligomerization of PA, a conformational change is triggered in the TMDs and cytosolic tails of CMG2 and TEM8, which eventually leads to the activation of src-like kinases, which in turn phosphorylate CMG2/TEM8 (Abrami et al, 2010b ; Figure 3) . Phosphorylation of the receptor tail leads to the recruitment of the adaptor protein b-arrestin, which in turn allows binding of an E3 ubiquitin ligase that modifies the receptor on one or more cytosolic lysine residues. Mutations of five lysines were required to abrogate the ubiquitination signal of TEM8 (Figure 2) , and the protooncogene cbl (Haglund and Dikic, 2005) was found to mediate the ubiquitination reaction (Abrami et al, 2008b (Abrami et al, , 2010a . In contrast, mutation of a single juxtamembranous lysine (Figure 2 ) was sufficient to prevent ubiquitination of CMG2 (Abrami et al, 2008b) . The identity of the responsible E3 ligase has not been established for CMG2. Interestingly, the interaction of TEM8 with cbl was shown to require the redistribution of the receptor from the fluid plasma membrane regions to cholesterol-rich, lipid raft-like domains (Abrami et al, 2003 (Abrami et al, , 2008b . The initial sequestration of TEM8 away from the cbl-containing raft-like domains to prevent premature ubiquitination is mediated by palmitoylation (Abrami et al, 2008b) . This reversible post-translational modification consists in the addition of a C16 carbon acyl chain to one or more cytosolic cysteine residues, in particular juxtamembranous cysteines (Abrami et al, 2008b) . Both CMG2 and TEM8 have been shown to undergo palmitoylation, possibly in the ER soon after synthesis but the responsible palmitoyltransferases have not been identified.
Once ubiquitinated, the CMG2/TEM8 cytosolic tails trigger the formation of a clathrin coat in a manner dependent on the adaptor complex AP1 (Abrami et al, 2010a ; Figure 3 ). This final clathrin-dependent endocytosis step critically depends on actin, irrespective of whether the receptor is CMG2 or TEM8 (Abrami et al, 2010a ; Figure 3 ). The dependence of CMG2/TEM8-mediated uptake on AP1, instead of the more classical endocytic adaptor AP2 (Doherty and McMahon, 2009 ), on b-arrestin and on actin renders this ligand-triggered internalization route rather unconventional.
Upon arrival in endosomes, the PA multimers convert to their pore-forming conformation (Abrami et al, 2004) . The pH threshold was shown to be lower for CMG2 than for TEM8 both in vivo (pH 5.0 for CMG2 versus pH 6.0 for TEM8) and in vitro (pH 5.7-5.8 for CMG2 versus pH 6.8-7.1 for TEM8) (Rainey et al, 2005; Scobie et al, 2007) . Whether this difference in pH threshold actually affects the stage of the endocytic pathway where pore formation by PA occurs has not been directly addressed.
In HeLa cells, expressing almost exclusively TEM8 (Abrami et al, 2010a) , pore formation was shown to occur in early endosomes. Interestingly, although membrane insertion of PA is known to lead to the translocation of EF/LF into the cytoplasm, the enzymatic subunits were found to remain associated with the early endosomes. Combined with the knowledge on receptor ubiquitination, these findings led to the proposal that upon arrival into early endosomes, the receptor-toxin complex is sorted into nascent intraluminal vesicles (Abrami et al, 2004) , of this multivesicular organelle (Falguieres et al, 2009 ). The mechanisms of sorting were not further studied. However, it was shown that the toxin was subsequently transported to late endosomes from which release of LF occurs, presumably through the back fusion of intraluminal vesicles with the limiting membranes (Abrami et al, 2004; Sobo et al, 2007; Pons et al, 2008) .
In the course of studies on anthrax toxin endocytosis, additional proteins have been found to interact with CMG2 and TEM8 and modulate toxin uptake, but their exact roles remain to be established. For one, in cells that express both receptors, CMG2 and TEM8 appear to interact with each other, either physically and/or genetically. RNAi against TEM8 was indeed shown to downregulate CMG2 at the protein, but not at the mRNA level (Abrami et al, 2008a) . Then, a screen using expressed sequence tag (EST) technology to silence chromosomal genes and identify those that affect endocytosis of anthrax toxin led to the identification of two other interactors: the lipoprotein receptor-related 6 (LPR6) and ARAP3 (Lu et al, 2004; Wei et al, 2006) . LRP6 is a cell surface type I membrane protein that is well known for its role as a co-receptor during Wnt signalling. Upon binding of Wnt molecules to their Frizzled receptors, a ternary Wnt-Frizzled-LRP6 complex is formed leading to phosphorylation of the cytosolic tail of LRP6, an event required to transmit the Wnt signal to the nucleus. As a crucial component of Wnt signalling, LRP6 plays a role in many important cellular processes including embryogenesis, bone development and cell proliferation (Pinson et al, 2000; Tamai et al, 2000; Semenov et al, 2001) . LRP6 can interact with both CMG2 and TEM8 receptors (Wei et al, 2006; Abrami et al, 2008a ) and it appears that the cellular levels of CMG2/TEM8 regulate the levels of LRP6 at the protein level (Abrami et al, 2008a) . Both silencing and overexpression of CMG2/TEM8 indeed lead to a post-translational downregulation of LRP6. Moreover, PA binding and oligomerization leads to tyrosine phosphorylation of LRP6 (in contrast to Wnt binding which leads to serine phosphorylation; Zeng et al, 2008) , redistribution of LRP6 to raft-like domains and endocytosis (Abrami et al, 2008a) . Thus, LRP6 appears to be part of the toxin-receptor complex upon endocytosis. Although LRP6 is not essential for anthrax toxin endocytosis , silencing of LRP6 did delay the toxin uptake process, indicating that it might have a regulatory role (Abrami et al, 2008a) .
ARAP3 is a multidomain cytosolic phosphoinositide-binding protein that also harbours two GTPase-activating protein (GAP) domains for the small GTPases Arf6 and RhoA, respectively (Krugmann et al, 2002) . RhoA is a well-known regulator of actin dynamics, while Arf6 functions mainly in endocytic recycling (Takai et al, 2001) . ARAP3 has been implicated in various processes such as cell adhesion and angiogenesis (Gambardella et al, 2010 (Gambardella et al, , 2011 . Its role in endocytosis of CMG2 and TEM8 has however not been addressed.
Finally, not only do CMG2 and TEM8 share similarities with integrins, two recent studies suggest that they can be found together in a multicomponent complex (Jinnin et al, 2008; Martchenko et al, 2010) . When studying RAW macrophages, which exclusively express CMG2, sensitivity towards anthrax toxin was found to be strongly affected by pre-incubation with anti-b1 integrin antibodies (Martchenko et al, 2010) . Not only was a5b1 integrin found to be capable of binding PA in vitro with affinities similar to that of PA for TEM8, but b1 integrin was also found to co-internalize with PA. This study suggests that b1 integrin may modulate CMG2 function.
Evidence that TEM8 interacts with b1 integrin comes from a study on the genetic causes of infantile haemangioma Upon binding and oligomerization of PA to the CMG2 vWA domain, src-like kinases are activated on the cytosolic side leading to the phosphorylation of the CMG2 cytosolic tail. This allows the subsequent recruitment of the adaptor b-arresting, which in turns allow an E3 ubiquitin ligase, of so far unknown identity, to ubiquitinated CMG2 on a juxtamembranous lysine residue. Ubiquitination then triggers clathrindependent endocytosis of the CMG2-PA7mer complex in a manner that is dependent on the adaptor complex AP1. This clathrin-dependent endocytosis more over is dependent on the actin cytoskeleton. (Jinnin et al, 2008) . b1 integrin was found to interact with vascular endothelial growth factor receptor 2 (VEGFR2; Jinnin et al, 2008) and formation of this complex at the cell surface upon VEGF binding controls transcription of VEGFR1 (Roberts et al, 2004) . Analysis of patient endothelial cells revealed a mutation in TMD of TEM8 (A326T) as well as mutations in VEGFR2, which were found to enhance the formation of a ternary complex b1 integrin-VEGFR2-TEM8, which in turn triggered a decrease in VEGFR1 expression (Jinnin et al, 2008) .
Physiological role of CMG2
The physiological roles of CMG2 and TEM8 are still rather poorly understood. Knock-out mice have been generated. While these mice have been very interesting in terms of anthrax infection, they have provided little information regarding the functions of the proteins as no striking phenotypes could be observed (Liu et al, 2009) , with the exception of an excess of ECM in various tissues of TEM8 À/À mice (Cullen et al, 2009) . Also, the double knock-out mutant was viable (Liu et al, 2009 ). Several observations, however, clearly point towards a role in angiogenesis. CMG2 was identified in a screen for genes upregulated during angiogenesis and TEM8 is a tumour endothelial marker. As mentioned above, a mutation in TEM8 was associated with infantile haemangioma (Jinnin et al, 2008) . A primary cause of HFS patient symptoms might be changes in the basal membrane of capillary vessels (Stucki et al, 2001 ). More recently, two studies have revealed a role of both CMG2 (Reeves et al, 2009 ) and TEM8 (Verma et al, 2011) in angiogenesis.
In mice, CMG2 was found to be expressed in endothelial cells of the lung, intestine, all layers of the skin, on smooth muscle cells, and in the vascular endothelium (Reeves et al, 2009 ). CMG2 expression was also found in both normal (quiescent) and malignant (angiogenic) vasculature in human tissue. In-vitro studies using Human Umbilical Vein Endothelial Cells (HUVECs) showed that while silencing cmg2 expression using an shRNA vector did not affect cell migration, it reduced cell proliferation. Moreover, cmg2 silencing decreased the ability of HUVECs to form a capillary network in 3D matrices (Reeves et al, 2009) .
The role of TEM8 was addressed in the chicken choriallantoic membrane (CAM), since TEM8 but not CMG2 showed temporal expression during chick development (Verma et al, 2011) . Consistent with the documented interaction of TEM8 with LRP6 (Wei et al, 2006; Abrami et al, 2008a) , TEM8 was found to be a modulator of Wnt-dependent vascular morphogenesis in this system. Despite these data, the exact functions of CMG2 and TEM8 at the cellular levels are still quite unclear. The identity of their preferential ligands needs to be firmly established. TEM8 has been found to bind collagens type VI (Nanda et al, 2004) and I (Hotchkiss et al, 2005) , whereas CMG2 has been proposed to bind collagen type IV and laminin (Bell et al, 2001) . The consequences of CMG2/TEM8-ligand interactions are unclear. Upon binding of cells to collagen I-coated plates, TEM8 was found to promote adhesion and spreading, in a manner dependent on its interaction with actin (Werner et al, 2006) . On the other hand, the studies on anthrax toxin endocytosis, combined with the fact that pathogens are highly opportunistic organisms, suggest that CMG2 and TEM8 can signal upon ligand binding, and are able to rapidly traffic their ligand to degradation. Clearly, future studies are required to clarify the exact cellular roles of both proteins.
HFS and CMG2
The first medical case of HFS was reported in 1903 (Whitfield and Robinson, 1903 ; Figure 4) . The disease was first called Molluscum Fibrosum, then Juvenile Hyaline Fibromatosis and Infantile Systemic Hyalinosis (Drescher et al, 1967; Landing and Nadorra, 1986) and since it was realized that these were different manifestations of the same disease (Glover et al, 1991) , the unifying term, Hyaline Fibromatosis Syndrome (El-Kamah, 2009), has been adopted. Some 150 medical cases have been reported showing no geographical or ethnic predisposition.
HFS largely affects connective tissue, and its initial names refer to the accumulation of hyaline material in the skin and other organs (Landing and Nadorra, 1986; Fayad et al, 1987; Keser et al, 1999) . HFS is a progressive, disfiguring and disabling disease, the onset of which can vary between birth and late childhood (Figure 4) . ISH is the more severe form.
Affected newborns and infants do not show gross morphological defects. They may show thickening of the skin and of the large joints, flexural contractures of the large joints. A hypotonic, frog-legged position and poor development of the muscles are common features, due to reduced movements. Patients afflicted with ISH present a heightened susceptibility to bone fracture, chest infections and diarrhoea, which generally lead to death before the age of 2 years. Musculoskeletal imaging may show osteopaenia, multiple cystic osteolytic bone destruction and decalcification, with osteoporosis (Eich et al, 1998; Pirgon et al, 2007; Figure 4 be normal (Stucki et al, 2001) . JHF has a later onset, does not show diarrhoea and patients may live well into adulthood. Non-cancerous tissue proliferations and nodules are the most outstanding external features found for all patients (Figure 4 ) and are the hallmark of the disease. Interestingly, they are not present in the newborn but may develop over the first month of life. Nodules preferentially develop over points of mechanical stress or pressure, suggesting that HFS pathogenesis could be due to a disregulation of repair mechanisms after microtrauma (Urbina et al, 2004) . The nodules were found to be rather cellular at the onset, containing elongated fibroblast-like cells embedded in an eosinophilic ECM and some thin-walled vessels, whereas older nodules contained mainly ECM (Mayer-da-Silva et al, 1988) .
Only few studies have addressed the composition of patient nodules. An increase of two ECM components, which are crucial for the resistance of connective tissues to mechanical stress, have been found in nodules: collagens and glycosaminoglycans (GAGs). Collagens I (Tanaka et al, 2009 ) and VI were more abundant in nodules than in normal skin of the same patient (Murata et al, 1987; Glover et al, 1991; Katagiri et al, 1996; Tanaka et al, 2009) . Changes in GAGs were also observed (Kitano et al, 1972; Breier et al, 1997; Iwata et al, 1980; Tzellos et al, 2009) . In particular, a decrease in hyaluronic acid was found, likely due to a lower expression of hyaluronic acid synthases (Tzellos et al, 2009 ). These observations indicate that synthesis or degradation of ECM is abnormal in HFS patients.
Altogether, the clinical observations show that CMG2 is not essential during embryogenesis, and suggest that it might be important for tissue repair and integrity, possibly by controlling the homeostasis of the ECM.
Cmg2 mutations and their consequences
Due to the frequent occurrence in siblings from unaffected parents, HFS was thought to be an inherited recessive disorder. A genome-wide linkage search on four JHF affected individuals showed that the responsible gene localized at the chromosome position 4q21 (Rahman et al, 2002) . Using positional cloning, cmg2 was subsequently found to be the affected gene (Dowling et al, 2003; Hanks et al, 2003) . There is no evidence to support genetic heterogeneity in HFS, with a mutation on a second gene, since all analysed families so far showed linkage and/or mutation involving CMG2 as the causative agent.
Some 34 different mutations have been identified, predominantly in exons and spread from exon 1 to exon 15 ( Figure 5 ). Although most mutations have been identified only once, there is a mutational hotspot in exon 13 (positions 1074-1077) at which insertion of one or two bases or deletion of one base have been repeatedly reported ( Figure 5 , mutation/patient 18-22). Interestingly, some 40% of the reported patients are compound heterozygous, indicating that CMG2 mutations may not be extremely rare. These patients generally carry one allele with a modification at the exon 13 hotspot and one allele with a missense or non-sense mutation (Figure 5, mutation/patient 2, 5, 9, 12, 15, 27, 29) .
So far, mutations can be classified into four major classes. Class I is composed of missense mutations in the vWA domain, such as D50N (own observation) and T118K (Lindvall et al, 2008 ; Figures 1B and 5) , that do not affect plasma membrane targeting but impair ligand binding.
Class II contains all other missense mutation in exons 1-11 ( Figures 1B and 5 , mutation/patient 2-16). With the exception probably of M1R where the initiating methionine is missing ( Figure 5 , mutation/patient 1), class II mutations affect the folding/stability of either the vWA domain or the Iglike domain (Deuquet et al, 2009 (Deuquet et al, , 2011 . In the case of Ig-like domain mutations, the induced folding defects prevent the formation of native intramolecular disulphide bonds leading to the formation of disulphide-linked high molecular weight complexes (Deuquet et al, 2011) . As a consequence, the newly synthesized mutated CMG2 proteins are recognized by the ER quality control system and retained (Deuquet et al, 2009 (Deuquet et al, , 2011 ). For the rare cases where patient fibroblasts were available ( Figure 5 , patients 2 and 9; Deuquet et al, 2011), we found that ER retention was followed by rapid targeting to the ER degradation (ERAD) pathway. This, however, was not as efficient in a tissue culture transient expression system (Deuquet et al, 2009 (Deuquet et al, , 2011 . Thus, it is unclear at present whether different ectodomain mutations are equally recognized by ER quality control. The efficiency of ERAD targeting might differ between class II mutations, an issue that is worth investigation in the context of personalized treatment (see below). This class of mutations also contains the G232insG mutation, corresponding to a three base insertion at position 697 on the gene. The resulting amino-acid insertion leads to an out-of-register b-strand in the Ig-like domain that therefore fails to fold properly (Deuquet et al, 2011) . Finally, class II also includes the only reported mutation in the TMD L329R, corresponding to a missense mutation in exon 12 (Deuquet et al, 2009) . While this domain does not appear to affect the folding of the ectodomain, it is recognized by the ER quality control as problematic, either because of the presence of a charged residue in the membrane or because this mutation affects quaternary assembly that would be required for ER exit.
Class III contains all frameshift mutations that lead to a premature stop codon (Figure 5, mutations 5, 8, 12, (18) (19) (20) (21) (22) as well as probably splicing mutations. These mutations are either predicted (mutations 5 and 8) or have been shown (all others) to lead to unstable mRNAs that are rapidly degraded (Tanaka et al, 2009; Deuquet et al, 2011, and own observations) . As a consequence, the CMG2 protein was undetectable in cells from the few patients tested (Deuquet et al, 2011) . This class may also contain mutations R384X and R432X, which lead to premature stops. This class also contains patient 13 ( Figure 5 ) in which an unidentified mutation is a responsible for a splicing defect that leads to the deletion of exons 11 and 12. Finally, the three reported mutations that map to introns (IVS13 þ1G4A; IVS9 þ 2T4C; IVS8 þ1G4A) are also likely to lead to premature stop codons (Dowling et al, 2003; Hanks et al, 2003) .
The last class, class IV, contains the few reported missense mutations reported to map to the cytosolic tail of CMG2 (Y381C, V386F, V394A; Figure 5 , mutations 23, 25, 27). These mutations are not expected to affect the mRNA level, nor the plasma membrane targeting of the protein. The prediction is therefore that these mutations will affect CMG2 function. For TEM8, the mutation corresponding to Y381C (Y383C) led to a diminished binding to actin and a concomitant increase in binding of anthrax PA (Go et al, 2009) .
In terms of genotype-phenotype correlations, it appears that missense mutations in exons 1-12 generally, but not always, lead to the severe form of the disease as do mutations that lead to premature stop codons. In contrast, missense mutation in exons 13-17 correlates with the mild form of the disease, as exemplified by Patient 23 (Figure 5 ).
The diversity of the molecular consequences of cmg2 mutations clearly illustrates that the exact patient mutations need to be determined and analysed before any curative treatment can be envisioned. We found that the proteasome inhibitor, bortezomib also known as Velcade s , can rescue the class II CMG2 mutants tested, even in patients cells, leading to plasma membrane targeting of the protein (Deuquet et al, 2011) . Rescued surface CMG2 was moreover capable of signalling in response to anthrax PA, indicating that it was functional, at least regarding this pathological role (Deuquet et al, 2011) . These promising initial studies suggest that components of the ERAD machinery, not restricted to the proteasome itself, are interesting potential therapeutic targets for this class of mutations, as they are for a number of other conformational diseases such as cystic fibrosis. It will be of interesting to investigate whether HFS class III mutations, at least those where the transmembrane CMG2 protein is preserved, can be rescued using inhibitors of the non-sense mediated mRNA degradation pathway.
Concluding remarks
The cmg2 gene is '10-year old' (Bell et al, 2001) . During this period, tremendous progress has been made. It was found to be responsible for anthrax infection (Scobie et al, 2003; Liu et al, 2010) as well as for HFS (Dowling et al, 2003; Hanks et al, 2003) . Some of the underlying molecular mechanisms have been described in detail: how CMG2 mediates entry of the anthrax toxin (van der Goot and Young, 2009) , and how mutations in cmg2 affect the CMG2 protein (Deuquet et al, 2009 (Deuquet et al, , 2011 . Still, years to come promise to be exciting since they should reveal the 'good side' of this protein, what it really does, during development (Verma et al, 2011) , during angiogenesis (Reeves et al, 2009 ) and in normal adult life. Swiss National Science Foundation (GvdG), the Fondation Telethon Action Suisse, the Fondation SANTE-Vaduz/Aide au soutien des nouvelles therapies and the Gebert Rü f Stiftung.
